Yamanaka Y, Honma S, Honma K. Daily exposure to a running wheel entrains circadian rhythms in mice in parallel with development of an increase in spontaneous movement prior to running-wheel access. Am J Physiol Regul Integr Comp Physiol 305: R1367-R1375, 2013. First published October 9, 2013 doi:10.1152/ajpregu.00389.2013.-Entrainment of circadian behavior rhythms by daily exposure to a running wheel was examined in mice under constant darkness. Spontaneous movement was individually monitored for more than 6 mo by a thermal sensor. After establishment of steady-state free running, mice were placed in a different cage equipped with a running-wheel for 3 h once per day at 6 AM. The daily exchange was continued for 80 days. The number of wheel revolutions during exposure to the running wheel was also measured simultaneously with spontaneous movement. In 13 out of 17 mice, circadian behavior rhythm was entrained by daily wheel exposure, showing a period indistinguishable from 24 h. The entrainment occurred in parallel with an increase in spontaneous movement immediately prior to the daily wheel exposure. A similar preexposure increase was observed in only one of four nonentrained mice. The preexposure increase appeared in 19.5 days on average after the start of daily wheel exposure and persisted for 36 days on average after the termination of the exposure schedule. The preexposure increase was detected only when daily wheel exposure came into the activity phase of the circadian behavior rhythm, which was accompanied by an increase in the number of wheel revolutions. These findings indicate that a novel oscillation with a circadian period is induced in mice by daily exposure to a running wheel at a fixed time of day and suggest that the oscillation is involved in the nonphotic entrainment of circadian rhythms in spontaneous movement. wheel running; nonphotic entrainment; suprachiasmatic nucleus circadian pacemaker; peripheral oscillator; feedback THE CIRCADIAN SYSTEM IN MAMMALS consists of hierarchical multiple oscillators (26). The central pacemaker is located in the suprachiasmatic nucleus (SCN) and coordinates the peripheral oscillators in a variety of tissues and organs. The SCN circadian pacemaker entrains to light-dark cycles (LD) and transmits time information to the peripheral oscillators for entrainment. The peripheral oscillators entrain to nonphotic time cues, such as restricted daily feeding (RF), independent of the SCN circadian pacemaker (20, 31, 32) .
THE CIRCADIAN SYSTEM IN MAMMALS consists of hierarchical multiple oscillators (26) . The central pacemaker is located in the suprachiasmatic nucleus (SCN) and coordinates the peripheral oscillators in a variety of tissues and organs. The SCN circadian pacemaker entrains to light-dark cycles (LD) and transmits time information to the peripheral oscillators for entrainment. The peripheral oscillators entrain to nonphotic time cues, such as restricted daily feeding (RF), independent of the SCN circadian pacemaker (20, 31, 32) .
On the other hand, timed physical exercise was reported to entrain the behavior rhythms in nocturnal rodents. In hamsters and mice, free-running circadian behavior rhythms under constant darkness (DD) were entrained by daily treatments, such as exposure to a novel cage equipped with a running wheel (25) , unlocking of a running wheel in a home cage (9, 15) , and forced treadmill running (15) . Because a single trial of these treatments produced phase-dependent phase shifts, the entrainment was thought to be nonparametric similar to light entrainment (7, 15, 25) . However, it is not well understood whether the entrainment is accomplished directly through the effects on the SCN circadian pacemaker or indirectly through the effects on the peripheral oscillators, which feed back to the SCN circadian pacemaker. In addition, the brain mechanisms of nonphotic entrainment remain to be elucidated, such as the internal mediators of the time cue and the responses of the SCN circadian pacemaker to them (5, 24) .
Power et al. (23) have reported an anticipatory increase of drinking activity prior to daily unlocking of running wheel in mice lacking vasoactive intestinal polypeptide (VIP Ϫ/Ϫ mice) or its VPAC2 receptor (Vipr2 Ϫ/Ϫ mice), but not in wild-type mice. The finding is unique, since another group (33) failed to induce the anticipatory increase in spontaneous movement in mice by daily exposure to forced treadmill and/or to a novel cage with a running wheel. However, it is not known whether the anticipatory increase by timed physical exercise is based on a self-sustained oscillation or not. If the anticipatory increase is shown to have an oscillatory nature, this nonphotic entrainment of circadian rhythm would be a marked contrast with an SCN-independent food-entrainable oscillator (FEO), which generates a daily rhythm of food anticipatory activity in rats fed once a day (28) . In most rats, this anticipatory activity does not entrain the SCN circadian pacemaker in either light-dark (LD) or free-running under constant darkness (DD) (11) . In a certain strain of mice, scheduled feeding can entrain the SCN pacemaker in addition to inducing food anticipatory activity (2, 18) , and whether this is due to food intake, anticipatory running, or other factors is not known.
Effects of timed physical exercise in mice are usually examined by measuring the circadian wheel-running rhythms (9) . It is well known that animals, especially rats, have to learn wheel running, and it takes a substantial number of days for particular individuals. Also, it was found that wheel running was enforced under particular conditions, such as prolonged food deprivation (35) . More importantly, wheel-running activity is known to provide feedback to the SCN circadian pacemaker and change the circadian period (4, 10, 13, 34 ). An element of positive feedback from mild stress caused by rotating wheel could be involved in this effect (8) . By contrast, spontaneous movement has a minor feedback effect, if any, on the SCN circadian pacemaker (4, 13). These aspects of different behavior rhythms are generally overlooked.
In the present study, we examined effects of wheel-running activity induced by daily exposure to a running wheel on the mouse circadian rhythm in spontaneous movement. Here, we demonstrate entrainment of circadian rhythm by daily runningwheel exposure, which is accompanied by the emergence of a preexposure increase in spontaneous movement. The preexposure increase persists for many days with a period close to 24 h after termination of the daily schedule.
MATERIALS AND METHODS
Animals. Seventeen male mice of C57BL/6J strain were used in the present study. They were ϳ4 mo of age at the beginning of experiment. The mice were bred and reared with three or four littermates in our animal quarter under a controlled environment: a 12:12-h LD cycle (lights on from 0600 to 1800), constant temperature (22-24°C), and humidity (50 -60%). The animal had free access to food and water throughout the experiment. The animal care and experimental procedures were approved by the Animal Research Committee of Hokkaido University (permission number 08 -253), and performed in strict accordance with the Guidelines for the Care and Use of Laboratory Animals of Hokkaido University.
Experimental protocol. Mice were individually housed in a polycarbonate cage (17 ϫ 29 ϫ 13 cm) without a running wheel in a light-proof chamber (40 ϫ 50 ϫ 30 cm). LD in the chamber was the same as in the animal quarter. The light intensity in the chamber was ϳ300 lux measured at the bottom of cage. The circadian rhythms in spontaneous movement were measured continuously. The animals were released into DD after 14 days under LD. From the 35th day in DD, the mice were transferred from the home cages to new cages (15 ϫ 25 ϫ 15 cm) equipped with a running wheel at 0600 and returned to their home cages 3 h later (0900). During wheel exposure, the mice had free access to food and water. The cage exchange was done outside the chamber under dim red light (approximately Ͻ0.1 lux) within 1 min. Daily exposure to the running wheel was continued for 80 days. Afterward, the mice were kept in their home cages for 50 days under DD.
Measurement of spontaneous movement and wheel-running activity. Spontaneous movement was measured by an infrared thermal sensor attached on the ceiling of the chamber (1). The number of movements was counted every 1 min by a computer system (The Chronobiology Kit, Stanford Software Systems, Stanford, CA). In addition to the measurement of spontaneous movement, the number of wheel revolutions was simultaneously counted every 1 min during the exposure to a running wheel. A running wheel was a vertical type with a running plate of a solid surface punched circularly and laterally every 1.5 cm. The diameter of a running wheel was 10 cm. Wheel revolution monitoring from one mouse (#46) failed because of a mechanical problem. Thus, the data from this mouse were excluded from the analysis of wheel-running activity.
Data analysis. Circadian rhythms of spontaneous movement were expressed in a double-plotted actograph in 5-min bin and analyzed by using the Analyze 98 software (Stanford Software Systems, Santa Cruz, CA) and CLOCKLAB software (Actimetrics, Evanston, IL). The mean 24-h profile was obtained in individual mice by averaging spontaneous movements in 1-h bins every 5 days. The circadian period was calculated from intervals of successive activity onsets of circadian behavior rhythm. An eye-fitted line was drawn through the onsets or offsets of activity band for 10 consecutive days. The activity onset on a particular day was determined in reference to the regression line hit on this day. When entrainment was assessed, an interval of two successive activity onsets was calculated and averaged in 5-day bins. Mice were defined as entrained when the 5-day bin period was statistically indistinguishable from 24.0 h. The entrainment was also confirmed by free run from the resetting phase when released from the exposure schedule. The latency for entrainment was defined as the days required for the entrainment after the start of exposure schedule. When aftereffects of entrainment were assessed, the circadian periods were separately calculated for the activity onset and offset for 10 days. After steady-state entrainment was established, the phase angle difference between the activity onset and the time of wheel exposure was calculated for the last 10 days of the schedule.
The preexposure increase in spontaneous movement was detected as follows; the spontaneous movement was summed in 1-h bins and averaged individually every 5 days. The spontaneous movement for several hours prior to the time of wheel exposure was compared with that at the same circadian phase just before the start of exposure schedule (baseline). When there was a significant increase in spontaneous movement, the increase was defined as the preexposure increase. The latency for preexposure increase was defined as days required for the first appearance of preexposure increase after the start of wheel exposure. The duration of the preexposure increase was defined as the interval between the first bin of preexposure increase and the time of wheel exposure. To examine the circadian phase dependency of preexposure increase, the preexposure increase of 2-h bins immediately prior to wheel presentation was averaged every 3 h after the activity onset (four circadian phases) and compared among them. Figure 1 schematically illustrates the parameters used in the present study. Statistics. Time series data were evaluated for its rhythmicity by one-way ANOVA. The 24-h profiles of spontaneous movement on different days were compared with repeated-measures ANOVA with post hoc t-test. A difference between the two groups at the same time point was evaluated by unpaired t-test. A correlation coefficient value between two variables was obtained by Pearson's correlation analysis.
RESULTS
Entrainment by daily exposure to a running wheel. Daily exposure to a running wheel at the fixed time of day entrained free-running circadian rhythm of spontaneous movement in 13 of 17 mice (Table 1 , Fig. 2A ). In two mice (#4 in Fig. 4 and #24), a bouncing phenomenon was observed (22) . We categorized these mice into the entrained group, because the behavior rhythm showed a 24-h period for a substantial length. Table 1 summarizes the circadian period, latency for entrainment, and phase-angle difference between the activity onset and the time of wheel exposure.
In the 13 entrained mice, the latency for entrainment ranged from 21 to 61 days (38.7 Ϯ 14.8 days; means Ϯ SD). On the first day of daily exposure schedule, the phase angle difference between the activity onset and the time of wheel exposure ranged from Ϫ5.7 to 12.3 h (6.8 Ϯ 7.1 h). There was a statistically significant correlation between the latency for entrainment and the phase-angle difference at immediately before the start of exposure schedule (r ϭ Ϫ0.74, P Ͻ 0.05).
When stable entrainment was established, the phase angle difference was 6.6 Ϯ 2.5 h on average. There was a statistically significant correlation between the steady-state, phase-angle difference, and the circadian period immediately before the start of exposure schedule (r ϭ Ϫ0.67, P Ͻ 0.05) (Fig. 3) . In most mice, entrainment was established via phase-delaying shifts of behavior rhythms, but in some, as exemplified in mouse #2 (Fig. 2) , entrainment was accomplished by phaseadvancing shifts. The latter mouse showed a circadian period substantially longer than 24 h before the exposure schedule.
In the four nonentrained mice, the averaged circadian period immediately before the exposure schedule was not significantly different from that of entrained mice. The circadian period was changed after the start of exposure schedule and significantly lengthened in the last 10 days of the schedule (Table 1 , Fig.  2B ). Mice #6 and #9 could have been on the way toward stable entrainment by phase-advancing shifts, but they were classified as nonentrained by definition.
After the termination of the exposure schedule, the circadian period of activity onset in the entrained mice was significantly shortened in the first 10 days (23.9 h Ϯ 0.1 h) compared with that immediately before the exposure schedule (24.0 h Ϯ 0.2 h) (P Ͻ 0.01, t-test). The circadian period in the nonentrained group was not significantly changed after the schedule and was significantly longer than that in the entrained group (P Ͻ 0.01, Circadian period was calculated for the last 10 days immediately before the exposure schedule (before: 25thϪ34th days), for the last 10 days of the schedule (During: 106th Ϫ115th day) and for the first 10 days (After: 116th Ϫ125th day) after the termination of exposure schedule. Values indicate the mean Ϯ SD. Asterisks indicate a significant difference of the circadian period (During) from 24.0 h in individual mice (*P Ͻ 0.05, t-test). Double daggers indicate a significant difference in the mean circadian period of corresponding sessions between the entrained and the unentrained groups ( ‡P Ͻ 0.01, unpaired t-test). In parenthesis, the mean difference in circadian period is indicated when compared with that before the exposure schedule. A phase angle difference between the activity onset and wheel presentation is calculated on the first day and for the last 10 days of the schedule. A dagger ( †) indicates two mice that showed a bouncing phenomenon during the exposure schedule.
unpaired t-test) ( Table 1) . The difference in the circadian period after schedule was detected until the 30th day after termination of exposure schedule.
Increase of spontaneous movement prior to daily exposure to a running wheel. Spontaneous movement was significantly increased from a few hours prior to the time of wheel exposure when compared with that during the corresponding circadian phase before the exposure schedule (Fig. 4) . The preexposure increase was detected on the 19.5th day of schedule (latency), and its duration was 2.9 h on average. Importantly, the preexposure increase persisted for 36.3 days on average after the termination of the exposure schedule ( Table 2) .
The mean 24-h profiles of spontaneous movement in 13 entrained and 4 nonentrained mice were separately obtained (Fig. 5) . In the entrained group, the spontaneous movements immediately prior to wheel exposure were significantly en- hanced compared with the baseline before the exposure schedule (P Ͻ 0.01, repeated-measures ANOVA). In the nonentrained group, there was no significant increase prior to daily wheel exposure. In both the entrained and nonentrained groups, the spontaneous movement was significantly increased at 0900 -1000 immediately after the mice were returned to their home cages (P Ͻ 0.01). After the termination of exposure schedule, the spontaneous movement at the corresponding time to wheel exposure was significantly higher than the baseline in the entrained group but not in the unentrained. On the other hand, the increase of spontaneous movement immediately after the retrieval from a running wheel was not detected in either group after the termination of the exposure schedule. Table 2 summarizes the latency, duration, and persistence of the preexposure increase in individual mice. The circadian periods after the termination of exposure schedule were analyzed separately for the onset and offset of activity band. In 12 of 13 entrained mice, the preexposure increase persisted. In these mice, the averaged circadian period was significantly shorter for the activity onset (23.9 Ϯ 0.1 h) than for the activity offset (24.0 Ϯ 0.0 h) (P Ͻ 0.01). As a result, the length of activity band in these mice was compressed to 12.0 Ϯ 0.6 h at the first 10 days after the termination of exposure schedule compared with that immediately before the exposure schedule (15.2 Ϯ 0.9 h). The activity band was decompressed up to 13.5 Ϯ 1.0 h at the 41-50 days after the exposure schedule.
Circadian phase dependency in the appearance of preexposure increase. Figure 6 demonstrates the phase dependency of preexposure increase in the entrained group. The preexposure increases in individual mice were averaged separately at five different circadian phases (rest phase, 0 -3 h, 3-6 h, 6 -9 h, and 9 -12 h after the activity onset), and the group mean at each phase was calculated. The number of preexposure increases in each circadian phase was not the same, since wheel exposure did not always cover all of these phases in individual mice, and, therefore, a preexposure increase was not necessarily detected in all phases. The preexposure increase was only observed when wheel exposure came into the activity phase. The levels of preexposure increase at four circadian phases in the activity band were not different.
Association of enhanced wheel-running activity with preexposure increase and with entrainment. The number of wheel revolutions during wheel exposure was significantly larger with a preexposure increase than without it (6,900 Ϯ 1,390 vs. 5,308 Ϯ 797 counts/3 h; P Ͻ 0.01, t-test) (Fig. 7A) . The phase-angle difference between the activity onset and wheel exposure was not different, regardless of the presence (6.0 Ϯ 5.2 h) or absence (6.5 Ϯ 1.9 h) of a preexposure increase. The wheel revolution in the middle of activity phase (6 -9 h) was significantly larger in the entrained group than in the nonentrained (6,769 Ϯ 1,447 vs. 4,400 Ϯ 2,264 counts/3 h; P Ͻ 0.05, unpaired t-test) (Fig. 7B) .
DISCUSSION
In the present study, spontaneous movement prior to daily exposure to a running wheel increased in association with entrainment of free-running circadian rhythm in mice under DD. The preexposure increase persisted even after the termination of the exposure schedule with a period close to 24 h and related with an increase of wheel-running activity during exposure to the running wheel. The findings indicate nonphotic entrainment of mouse circadian rhythms by enforced physical activities in association with a newly induced oscillation in the circadian range.
Timed physical exercise was reported to entrain free-running circadian rhythms in mice under DD (9, 15) or accelerate reentrainment to shifted LD in hamsters (19) . The nonphotic entrainment was explained to be based on phase-dependent phase shifts of circadian rhythm to a single trial of physical exercise similar to light entrainment. In the present study, the phase angle difference between the wheel exposure and the activity onset under steady-state entrainment showed a negative correlation with the circadian period under DD (Fig. 3) , consistent with the general principle of entrainment of oscillators (3). In some mice with a circadian period substantially longer than 24 h, entrainment occurred via phase-advancing shifts (Fig. 2) . The activity onset of behavior rhythm in these mice was located just on the time of wheel exposure. The finding was explained by a phase response curve for a single trial of physical exercise (25) , in which a phase-advance portion was detected in the latter half of the rest period. The circadian rhythms in four mice did not show stable entrainment to timed wheel exposure within 80 days, but their circadian periods were significantly changed (Table 1) . Compared with light entrainment, the wheel exposure took a relatively long time for full entrainment, indicating that the effect on the circadian pacemaker is less potent than light.
It is interesting to note that the entrainment was accompanied by an increase of wheel-running activity (Fig. 7B) . The finding suggests that wheel-running activity is an important element for entrainment among many other reactions of animals associated with an exposure to a novel cage, but effects of other factors, such as exploring behaviors and mild stress are not completely excluded (12) . It is well known that the stresstype actograph such as the running wheel influences the SCN demonstrated a significantly shorter free-running period of circadian behavior rhythm in blinded rats with a running wheel (wheel-running activity) than a condenser type actogram (spontaneous movement). We also observed substantial changes in the circadian period of behavior rhythms with a running wheel in methamphetamine-treated rats (13) . A feedback effect of wheel-running activity onto the SCN pacemaker could modify the circadian period. Thus, enforced activity seems to be a key issue to understand nonphotic entrainment in nocturnal rodents. Importantly, spontaneous movement increased prior to daily exposure to a running wheel in the entrained group. The preexposure increase appeared in 19.5 days on average after the start of wheel exposure and was detected from 2.9 h prior to the daily wheel exposure. The preexposure increase showed an oscillatory nature, persisting for more than 5 wk after the termination of exposure schedule with a period close to 24 h (Table 2) . Although the increase of spontaneous movement immediately after the wheel withdrawal did not persist, indicating that the increase was a positive masking of cage exchanges (Fig. 5) . A similar preexercise increase in behavior was reported, to our knowledge, only in VIP Ϫ/Ϫ or Vipr2
mice, although the preexercise increase did not persist after the termination of the exercise schedule (23) . Since the preexposure increase in the present study was detected exclusively in the active phase (subjective night) of behavior rhythm (Fig. 6) , a failure of the previous paper to detect a preexercise increase in the wild-type animals might be due to the circadian phase of timed exercise chosen (subjective day). The latency for entrainment was significantly correlated with the phase of wheel presentation on the first day of exposure schedule. The finding indicates that the latency was not simply a function of the lapsed time but of the two factors: the lapsed time and circadian phase of wheel presentation. The nocturnal nature of the preexposure increase could be simply due to an enhanced state of general activities or to other unknown mechanisms.
Mean movements (counts/h) Circadian periods of activity onset and offset after the termination of exposure schedule were separately calculated. Columns with no data indicate a lack of corresponding data. Asterisks indicate significant difference in the circadian period between the activity onset and offset (*P Ͻ 0.05, t-test) and between before and after the exposure schedule ( ‡P Ͻ 0.05, t-test). The periods before the schedule are indicated in Table 1 .
The preexposure increase in the present study showed similar characteristics to the well-known anticipatory activity driven by the FEO (18) . Both appeared in association with daily exposures to nonphotic time cues and persisted after the termination of exposure schedule with a period close to 24 h (35). On the other hand, there are several important differences between them. The preexposure increase to running wheel is accompanied by entrainment of circadian behavior rhythm, whereas the prefeeding anticipatory activity is usually not (11, 28) , except for the CS mice (2) or when the period of RF is very close to endogenous circadian period (30) . The former appears predominantly during the activity phase of circadian behavior rhythm (Fig. 6) , whereas the latter appears during the rest phase (29) . Although the preexposure increase is not confirmed in mice with bilateral SCN lesions, these differences suggest a different oscillatory mechanism underlying the preexposure increase from FEO. These findings led us to the hypothesis that an oscillator underlying preexposure increase consists of peripheral oscillators, which directly express behavior rhythms and are under the control of SCN circadian pacemaker unless an otherwise timed presentation of a running wheel is repeated (Fig. 8) . Timed wheel running reorganizes these peripheral oscillators to build up the oscillator for preexposure increase. Circadian rhythms in some brain areas outside the SCN dissociated from the SCN circadian pacemaker when the circadian system was desynchronized by RF (20) and methamphetamine treatment (16) . The idea of extra-SCN oscillators for behavior increase prior to timed physical exercise is also supported by previous studies (6, 17, 27) .
Alternatively, timed wheel running directly provides feedback to the SCN circadian pacemaker to modify the internal coupling of constituent oscillators, such as the evening and morning oscillators responsible for the activity onset and the end of activity (14) . By this modification, the SCN circadian rhythm entrains to timed wheel running. The differential changes in the activity onset and the end of activity after the termination of exposure schedule (Table 2 ) may support this alternative. However, this mechanism could not explain the persistence of preexposure increase after the exposure schedule and seems to be less likely.
The preexposure increase emerged in association with entrainment of circadian behavior rhythm (Fig. 7A) . The mutual interaction between the SCN circadian pacemaker and the oscillator underlying preexposure increase might be involved in the entrainment, since the circadian period of persisting preexposure increase was close to 24 h. Interestingly, the circadian period of activity offset was not distinguishable from exact 24.0 h after the termination of exposure schedule, although the circadian period of activity onset became significantly shorter than 24 h in the entrained group ( Table 2 ). The 24-h period of activity offset could be either due to the aftereffect of prior entrainment (21) or due to the preexposure activity persisting with a period close to 24 h, or to both.
In conclusion, daily exposures to running wheel entrained the circadian behavior rhythm in spontaneous movement in association with the development of a preexposure increase. n.s. Fig. 6 . Preexposure increases at different circadian phases. Preexposure increases of 2-h bins immediately prior to wheel exposure at five circadian phases (the rest phase and four phases in the activity band) were averaged in the entrained group. Open bars indicate spontaneous movement at the corresponding circadian phases before the exposure schedule, and solid bars indicate the preexposure increases during the schedule. The number of animals used for the analysis is indicated in parentheses. The values are expressed as means Ϯ SD. n.s., not significant. The levels of preexposure increase at four circadian phases in the activity band were not different. Open and gray horizontal bars indicate the rest and activity phases, respectively. Pre-exposure increase Fig. 7 . Increase in wheel-running activity in association with entrainment and development of the preexposure increase. The number of wheel revolutions in the entrained group (n ϭ 12) was separately calculated with the preexposure increase (solid bar) and without it (open bar) (A). The wheel-running activity in the middle activity phase of circadian behavior rhythm (6 -9 h after the activity onset) is indicated for the entrained group with a solid bar (n ϭ 12) and for the nonentrained group with a gray bar (n ϭ 4) (B). Values are expressed as means and SD. Asterisks indicate a significant difference between the two groups: *P Ͻ 0.05, **P Ͻ 0.01. The preexposure increase showed an oscillatory nature in the circadian range.
Perspectives and Significance
The interaction between the oscillator underlying preexposure increase and the SCN circadian pacemaker is critically important to understand the nonphotic entrainment in nocturnal rodents. The site and mechanism of the oscillator underlying preexposure increase would be a next target of our research. Scheduled physical exercise may provide a useful strategy to reset circadian rhythms in humans, especially in blind persons or in persons who do not have photic entrainment available.
